The molecular formation of C 2 and CN in the dust-forming classical nova V2676 Oph occurs during its near-maximum phase. We investigated the temporal evolution of the photospheric temperature of the nova as it approached molecular formation during its early phase. The effective temperature of the nova around the maximum decreased from ∼7000 K to ∼5000 K over the course of ∼3 d. The molecules formed at temperatures of <∼5000 K. Such low temperatures of nova photosphere and low expansion velocities along with carbon-rich atmosphere might play an important role in achieving conditions favorable to the molecular formation of C 2 and CN in V2676 Oph.
Introduction
Some fraction (∼20%) of classical novae in the Galaxy exhibit the signature of dust formation in their light curves (Strope et al. 2010) . Those dust grains are thought to form in the nova outflow following molecular formation, as larger molecules can act as nuclei during dust formation (Evans & Rawlings 2008) . The process of molecular formation within the nova outflow is, however, currently not well understood due to a lack of observations. In addition to the importance of molecules in dust formation, spectroscopic observations of molecules in novae are used to determine isotopic abundances, as pointed out by Hauschildt, Starrfield, and Allard (1994) . Different isotopologues can be easily distinguished from molecules due to their large isotope shifts. These isotopic ratios are useful not only for testing the thermonuclear runaway (TNR) theory of the nova outburst (Starrfield et al. 2008; José et al. 2006 ) but also for studies on the chemical evolution of the Galaxy and the origin of the Solar System (Adande & Ziurys 2012; Nittler 2008) .
The first molecule to be detected in novae was CN, found in DQ Her in 1934 (Wilson & Merrill 1935; Sanford 1935; Stoy & Wyse 1935; Antipova 1969; Sneden & Lambert 1975) . The absorption bands of CN at optical wavelengths were observed over several days just after the visual brightness maximum of DQ Her. After the first detection of CO in nova NQ Vul (Ferland et al. 1979) , CO emission in the near-infrared wavelength region has been routinely observed in several novae (Banerjee et al. 2016 , and references therein). In some cases, isotopic ratios of carbon ( 12 C/ 13 C) were determined from the emission spectra of CO. More recently, Nagashima et al. (2014) and Kawakita et al. (2015) reported the detection of transient absorption bands of both C 2 and CN in the optical wavelength region around the visual brightness maximum of the classical nova V2676 Oph in early 2012 April. This nova
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was considered to be a slow nova (Nagashima et al. 2014) . Kawakita et al. (2015) demonstrated that isotopic ratios of both carbon and nitrogen ( 12 C/ 13 C and 14 N/ 15 N) can be determined from the absorption spectrum of C 2 and CN. In the same nova, CO emission bands were also detected in the near-infrared wavelength region (Rudy et al. 2012) in 2012 May, and dust formation was finally confirmed in 2013 June . In this article, we concentrate on the molecular formation of C 2 and CN. These molecular species were observed as absorption bands in V2676 Oph (and also in DQ Her for CN), while CO was observed as emission bands as usually observed in other novae. The spectrum of V2676 Oph, including the absorption bands of C 2 and CN (observed on 2012 April 8.7 UT, presented in Kawakita et al. 2015) , was similar to the spectra of typical carbon stars, as shown in figure 3 of Nagashima et al. (2014) . This indicates that these molecules existed near the pseudo-photosphere of the nova around the visual brightness maximum. On the other hand, the observation of CO as emission by near-infrared spectroscopy suggests that the presence of CO may extend to the outer envelope of the nova ejecta (in optically thin conditions).
Here, we discuss the temporal change in the photospheric temperature prior to the formation of C 2 and CN in the case of V2676 Oph around the visual brightness maximum. In a typical classical nova, the photospheric temperature decreases after the nova explosion, up to the visual brightness maximum, as the pseudo-photosphere expands. The photospheric temperature then increases again after the visual brightness maximum has passed as the photosphere contracts. The typical photospheric temperature of a nova is estimated to be ∼8000 K (Evans et al. 2005 ) at its visual brightness maximum. However, to form C 2 and CN molecules in the nova envelope, the temperature needs to be lower than ∼5000 K (Hauschildt et al. 1994) . The questions this raises are: "Was the photospheric temperature lower than ∼5000 K when molecular formation occurred in V2676 Oph?" and "What could realize such low temperature conditions in the nova?"
Obervational materials
We now discuss the photospheric temperatures of V2676 Oph around its visual brightness maximum, based on the optical low-resolution spectra reported by Nagashima et al. (2014) and Kawakita et al. (2015) , and on spectra obtained using the Small and Moderate Aperture Research Telescope System (SMARTS: Walter et al. 2012) , in addition to multi-band optical light curves (taken from the AAVSO database), 1 of V2676 Oph. 3 Analysis: Photospheric temperatures of V2676 Oph in optically thick phase
In this article we estimate the photospheric temperature of V2676 Oph in the optically thick ("fireball") phase. The light curve and color indices of V2676 Oph were slowly changing during the pre-maximum phase, as shown in figure 2 . In particular, until 8 d after the discovery (t = 8 d), V-band magnitudes and color indices were almost constant, and emission lines were weak and narrow . Even at around the visual brightness maximum, the change in V-band magnitude was ∼1 mag and no significant emission lines were observed until April 8.7 UT (t = 14 d), as shown in figure 1. Thus, V2676 Oph was slowly evolving compared to typical novae in their early phase. It is considered that the expanding surface of the atmosphere was still opaque (optically thick) for V2676 Oph in its early phase. On the other hand, at t = 20 d, the observed spectra showed strong emission lines of the Balmer lines, Fe II, and other atomic/ionic species (which are usually seen in Fe II-type novae, Williams 1992) . Such strong emission lines indicate the existence of an extended optically thin atmosphere ("nova wind") outside the photosphere, i.e., the optically thick phase had finished before t = 20 d. Such slow evolution of photometric and spectroscopic features in V2676 Oph may imply that the nova atmosphere was not highly dynamic during its early phase, in contrast with typical classical novae. As a "best effort" for the analysis of nova atmosphere, therefore, we applied the synthesized stellar spectra of normal stars (having hydrostatic stellar structures) to the observations of V2676 Oph. This strategy for analysis may be suitable in the case that the atmosphere slowly evolves like Cepheid variable stars (which have slowly and periodically expanding/shrinking atmosphere). Some Cepheid variable stars show changes in V-band magnitude of ∼0.5-1 mag with pulsation periods from a few to several days, and they are classified as F-Gtype supergiant stars (Takeda et al. 2013; Andrievsky et al. 2005) . Their spectra could be analyzed by comparing with the synthesized spectra of normal stars to estimate photospheric temperatures at each phase of pulsation. We note that typical novae near their brightness maximum display spectra similar to those of A-F-type supergiants (Warner 2008) . Therefore, we consider that similar analysis can be applied to a slowly evolving nova (such as V2676 Oph) in the optically thick phase. As a similar case, Skopal et al. (2014) compared the synthesized spectra of normal stars to the observed spectra of V339 Del in the optically thick phase. Similar analysis may be problematic for typical novae because the nova atmosphere is highly dynamic in early phase. Even in the case of slowly evolving novae, however, we should note the difference in photometric and spectroscopic properties between novae and normal stars (supergiants). Because the envelope masses of novae are much (∼10 −4 ) smaller than those of normal supergiants, the Balmer jump (in U-band) of nova spectra is shallower (Hachisu & Kato 2014) . This difference causes a shift in (U − B) by −0.2 compared to the normal supergiants. We don't compare the data with the synthesized spectra and photometric properties of normal stars in the wavelength region of U-band.
Here we estimate the effective temperature (T eff ) of the nova photosphere by comparing synthesized spectra of normal supergiant stars with the observed spectrum taken at t = 12 d (April 6.7 UT), which is dominated by continuum with absorption lines without strong emission lines, shown in figure 1. We also estimate T eff of the nova photosphere based on the relationship between T eff and color indices of the normal supergiant stars listed in table 15.7 of Drilling and Landolt (1999) . In order to avoid the possible contamination by Balmer emission lines (Hα and Hβ emission lines in R-and B-bands, respectively), we decided to use the color index of (V − I). Because their table (Drilling & Landolt 1999 ) is written in the Johnson system for I-band, we converted them to the Kron-Cousins system usually used, based on Fernie (1983) . The relationship is approximated by a polynomial function as follows:
In order to use the above formula, we have to estimate the color excess of E(V − I) for V2676 Oph to correct interstellar reddening for the observed data.
Results: Temporal evolution of photospheric temperature
First, we focus on the spectrum dominated by absorption lines on 2012 April 6.8 UT (only weak Hα emission was recognized on that date). As shown in figure 3 , the normalized spectrum taken on April 6.8 UT could be reproduced by the synthesized stellar spectra for supergiants (Munari et al. 2005) with T eff = 6000 ± 250 K (we used the synthesized spectra with log g [in cgs units] = 0.0-0.5 for supergiants). It is interesting to note that metal-rich abundances for the model atmosphere ([M/H] = +0.5) were necessary to reproduce the observed nova spectrum (the solar abundances could not reproduce the observed nova spectrum). Furthermore, even with the metal-rich abundances used here, the absorption lines of neutral carbon (C I) could not be reproduced (e.g., at C I 4762 + 4772, 5040 + 5052, and 7115). The oxygen absorption lines were also too strong in the observed spectrum compared with the model spectra used here. The [C/H], [N/H], and [O/H] were considered to be higher than +0.5 (see also figure 4), probably indicating the results of a TNR process at the nova explosion. This result is consistent with the fact that typical novae near brightness maximum show spectra similar to those of A-F-type supergiants with enhancements in the C, N, or O lines (Warner 2008) . The enhancement of C I is important because the hard ultraviolet (UV) radiation from the central nova can be shielded by the continuum absorption of C I (λ < 1100Å), as discussed later.
In order to estimate the interstellar reddening for V2676 Oph, we compared the observed (V − I) with that corresponding to the effective temperature determined above. The T eff on April 6.7 UT was estimated as 6000 ± 250 K, which corresponds to (V − I) = 0.53 ± 0.05 based on the relationship between T eff and (V − I) shown in the previous section. On the other hand, from the observations of (V − I) on 2012 April 6.3-7.3 UT, we interpolated (V − I) = 1.56 ± 0.01 on April 6.7 UT. Thus, we obtained E(V − I) = 1.03 ± 0.05 [corresponding to E(B − V) = 0.86 ± 0.05 by assuming R V = A V /E(B − V) = 3.07 (Helton et al. 2010) ] for the nova V2676 Oph. This estimate is similar to, but slightly larger than, E(B − V) = 0.77 ± 0.04 estimated from the Balmer decrement of emission lines [I(Hα)/I(Hβ)] by assuming a temperature of 10000 K and an electron density of N e = 10 6 cm −3 for the Case B approximation (Osterbrock 1989 ) and R V = 3.07, as given in Nagashima et al. (2015) . The error in E(B − V) was evaluated from the uncertainties in measurements of the Balmer emission lines. However, different assumptions for the Balmer decrement model create a difference in E(B − V) of 10%. On the Based on the E(V − I) determined for V2676 Oph, we corrected the apparent color index of (V − I) for the interstellar reddening. The intrinsic color index (V − I) for the nova can be used to infer the effective temperatures of the nova photosphere. Figure 5 shows the temporal evolution of the photospheric temperatures of the nova during the near-maximum phase. We did not use the (V − I) values taken after molecular formation on 2012 April 7.8 UT as the absorption bands of C 2 and CN could have affected the continuum flux in the V-and I-bands. If we apply different values of E(V − I) listed in table 1, the resultant effective temperatures are different by 500-1000 K. The presence of weak emission lines (e.g., Fe II) in the V-and I-bands during the early phase of this nova may also cause small errors in the photospheric temperatures.
The temperatures estimated from the spectra taken on 2012 April 5.4, 7.8, and 8.7 UT are also plotted in figure 5 . We used the low-resolution spectrum taken on 2012 April 5.4 UT by SMARTS to estimate the photospheric temperature on that date. Comparisons between the modeled spectra (Munari et al. 2005 ) and the observed spectrum (corrected for interstellar reddening) indicate that the photospheric temperature was 6500-7500 K. The temperatures on April 7.8 UT and 8.7 UT had already been estimated based on the absorption spectra of C 2 by Kawakita et al. (2015) . The rotational (and vibrational) excitation temperatures on April 7.8 UT and 8.7 UT were ∼5000 K and ∼4500 K, respectively (see Kawakita et al. 2015 for further details). We assumed that C 2 molecules existed near the photosphere and, therefore, that those excitation temperatures reflect the temperatures in the photosphere. 
Discussion
As shown in figure 5, the photospheric temperatures had decreased from ∼7000 K to ∼4500 K (t = 2-14 d) and C 2 and CN had formed at ∼5000 K (t = 13 d). It is usually considered that the photospheric temperature of a nova decreases to ∼8000 K at the optical light maximum after the explosion (and then the temperatures rise during the decline phase following the maximum). However, at least in the case of V2676 Oph, the expanding nova envelope can evolve to very low temperatures (below ∼5000 K), as Hauschildt, Starrfield, and Allard (1994) pointed out in the case of DQ Her. The absorption features of CN in DQ Her were successfully reproduced by Hauschildt, Starrfield, and Allard (1994) , based on their model atmosphere. They noted the existence of a large temperature gradient in the line-forming region of the nova atmosphere; this may be the reason why the molecular bands and ionized atomic lines were able to co-exist in the nova. Furthermore, if dense clumps existed in the outflow of the nova, the molecules formed in the dense clumps where the molecules were protected from ionizing/dissociating radiation from the nova photosphere. The atomic and ionic lines might be emitted from a diffuse gas region among dense clumps. We were particularly interested in the conditions for molecular formation in the nova. In the following subsections, we attempt to explain the evolution of the nova envelope in the case of V2676 Oph.
Early static phase: t = 1-8 d
In the case of a slow nova during the pre-maximum phase, the nova photosphere slowly expands; it is thought that the photospheric temperature is sufficiently high in its very early phase (initial rising phase) to form an "optically thin" wind (Hachisu & Kato 2014) in which the critical point (where the expansion velocity changes from subsonic to supersonic) exists outside the photosphere, and the tenuous gas initially ejected at the TNR is accelerated to higher velocities. Shaviv (2001 Shaviv ( , 2002 argued that the "super-Eddington steady state" is realized for novae during the early phase and that the optically thin wind (the "super-Eddington wind") is formed during this phase. It is probable that this phase was not observed in V2676 Oph because the photospheric temperatures had already cooled to ∼7000 K for
The initial rising phase with a higher temperature was therefore probably not covered by the observations used here. During the period t = 1-8 d, the V-band magnitudes and the estimated photospheric temperatures were almost constant. The physical conditions in the nova envelope were considered to be close to the "static configuration" described in Kato and Hachisu (2009) . From the viewpoint of spectroscopic features, some emission lines (the Balmer series, Fe II, and O I λλ7774) were recognized during this period and the strengths of their emission lines weakened during the same period (see figure 2 in Kawakita et al. 2015 ). It appears that the ionized gas (causing recombination lines) outside the photosphere thinned out as it expanded, because the intensities of recombination lines were proportional to the number densities of the ionized species. Moreover, the upper states of the optical Fe II emission lines were populated by UV radiation. The weaker emission lines of these transitions probably reflect the weaker UV radiation from the photosphere as energy input to the outer envelope. The expansion velocity of gas determined from the P Cygni profiles (based on the difference between wavelengths of the absorption and emission peaks) decreased from ∼750 km s −1 to ∼450 km s −1 . Hachisu and Kato (2014) suggested that the optically thin wind may become weaker before the optical light maximum.
Near visual brightness maximum: t = 9-10 d
Around the visual brightness maximum (t = 9-10 d), the V-band magnitudes were found to be brighter than those measured on previous dates by V ≈ 1.5 mag. There was no significant change in the photospheric temperatures around the maximum. These facts imply that the photosphere had expanded radially without a significant increase in the temperature, indicating an increase in luminosity for V2676 Oph. The energy source for this brightening might be supplied by the transition of the internal structure of the nova from a static to a "nova wind" configuration, as noted by Kato and Hachisu (2009) . At the same time, there were a few weak emission lines, and the expansion velocity was still as slow as ∼450 km s −1 , indicative of the slowly expanding gas around the nova photosphere. If the optically thin wind had already ceased at that time, the observed emission lines may have arisen from the remnant of gas ejected as optically thin wind during an earlier phase.
Toward molecular formation: t = 11-14 d
After the brightness maximum, the nova cooled and few emission lines were observed on 2012 April 6.7 UT (t = 11.9 d), as shown in figure 1 . The photospheric temperature was 6000 ± 250 K on that date. The cooling rate was ∼1000 K d −1 , and the temperature finally reached ∼5000 K on 2012 April 7.8 UT (t = 13.0 d) when C 2 and CN formed in the nova (figure 5). Interestingly, the emission lines were still weak at that time. The P Cygni absorption profile of Hα was deeper, and the absorption of low-ionized species (such as C I, O I, and Fe II) was also stronger than before. It is likely that the degree of ionization of the gas outside the photosphere was reduced during the period from t = 11-14 d. Continuum absorption by neutral atoms and ions of some elements can increase the opacity in the UV region when the photospheric temperature T ph is below ∼(1-2) × 10 4 K. Such a mild radiation field is favorable for molecular formation because hard radiation can easily photodissociate the molecules. Table 2 lists the ionization potential (and corresponding wavelength limits for continuum absorption) of low-ionized species relevant to novae, along with the photo-dissociation wavelengths for a few molecular species discussed here (and related species). In particular, the continuum absorption by C I and the "iron curtain" (mainly caused by Fe II absorption lines) are important for protecting the molecules from UV radiation (Pontefract & Rawlings 2004) . Once H 2 and CO molecules formed in the nova envelope, those molecules also increase the opacity in the UV wavelength region (λ < 2769Å) and promote the formation of other molecules like C 2 and CN. We note the possible contribution of radiative cooling by CO to the decrease of the photospheric temperature (Evans et al. 1996) . Because CO has a larger binding energy than C 2 and CN (table 2), CO might form earlier than C 2 and CN in V2676 Oph, although the photospheric temperatures remain higher than ∼5000 K. The nova envelope of V2676 Oph had been cooled down from ∼7000 K to ∼5000 K during ∼3 d, and the cooling time-scale (e-folding time) is ∼9 d. This time-scale is comparable to the cooling time-scale by CO (τ CO = 1-10 d) obtained in V705 Cas (Evans et al. 1996) . In addition to the cooling of the nova envelope, the slower expansion velocities (∼450 km s −1 ) observed at t = 7.0-13.0 d may also play an important role in molecular formation as slower expansion velocities mean higher gas densities in the nova envelope. Such a situation is more favorable for the chemical reactions to form the molecules (Pontefract & Rawlings 2004 ). Pontefract and Rawlings (2004) also reported that there was less production of C 2 compared with CN in the nova outflow. Their calculations could reproduce the observations of CN in DQ Her (but without the detection of C 2 in DQ Her, for C/O < 1). It appears that more carbon atoms are necessary in the nova envelope to form C 2 . The detections of not only CN and C 2 but also CO in V2676 Oph imply that the nova atmosphere was carbon-rich, i.e., C/O > 1 (similar to a carbon star). Thus, we consider that the conditions appropriate for molecular formation in novae are the following: (1) low photospheric temperatures (∼5000 K) and weak UV radiation, and (2) lower expansion velocities to realize higher gas densities. The C-rich atmosphere may be important for the formation of molecules (the UV shielding provided by the C I continuum absorption at λ < 1100Å), and especially for the formation of C 2 (C/O > 1).
On 2012 April 8.7 UT (t = 13.9 d)
On 2012 April 8.7 UT (t = 13.9 d), the molecular absorption bands became stronger than those of the previous day. The Balmer and Fe II emission lines were also stronger than the previous day, while the absorption of neutral atoms became weaker. The degree of ionization was also higher, indicating stronger UV radiation (i.e., higher photospheric temperatures). This is inconsistent with the lower temperature estimated from the C 2 absorption band (∼4500 K). The C 2 -forming region might be located in the outer region of the nova envelope; as such, it may take some time for the ionization front to propagate from the inner to the outer envelope. Unfortunately, we did not have spectra after t = 13.9 d until 2012 April 14.8 UT (t = 20.0 d), when there were no molecular absorption bands and many emission lines, as usually seen in "an Fe II-type nova" (Williams 1992) , as shown in figure 2 of Kawakita et al. (2015) . We are also aware of the change in the full width at half maximum (FWHM) of the Hα emission line from 2012 April 14.8 to April 16.7 UT . It is thought that the nova entered the optically thick wind phase after the transition from a static to a nova wind configuration (Hachisu & Kato 2014) . The FWHMs of the Hα emission apparently changed and became wider after 2012 April 16.7 UT (t = 21.9 d). This may indicate that the optically thick wind had reached the steady state between those dates (t = 20.0-21.9 d).
Summary
We have discussed the evolution of the physical conditions of the nova envelope in V2676 Oph from the viewpoint of molecular formation. We estimated the effective temperature of the nova photosphere around the optical light maximum and also determined the color excess E(V − I) for the nova based on observations: E(V − I) = 1.03 ± 0.05 [corresponding to E(B − V) = 0.86 ± 0.05] for the nova V2676 Oph. Finally, the effective temperature of the nova atmosphere was estimated for the pre-maximum and near-maximum phases. The photospheric temperatures had decreased from ∼7000 K to ∼5000 K within three days and molecular formation occurred in the envelope of the nova. The presence of strong absorption lines of neutral atoms (such as C I, N I, O I, etc.) just before molecular formation indicates the low degree of ionization of the nova envelope. For molecular formation to occur around the visual brightness maximum, the nova atmosphere has to be cooled to ∼5000 K. The cooling of the nova atmosphere and the decrease in the degree of ionization are related to the weakened UV radiation field (probably blocked by the continuum absorption of neutral atoms and the iron curtain) and to radiative cooling by CO that had formed earlier.
Low expansion velocities and the carbon-rich atmosphere may also be important for the molecular formation of C 2 and CN in V2676 Oph.
